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Vpu antagonizes human immunodeficiency virus type 1 (HIV-1) particle release inhibition by CD317/BST-
2/Tetherin. Whether this Vpu activity strictly requires cellular depletion of the restriction factor is unclear.
Here, we characterized CD317 variants with mutations in putative sorting or ubiquitination motifs. All
mutants still potently impaired release of Vpu-defective HIV-1 and remained sensitive to Vpu-mediated release
enhancement. Importantly, this virological antagonism correlated with surface downregulation of CD317
mutants by Vpu, while intracellular pools of these mutants, which were consistently depleted of the wild-type
protein, were highly variable or even enhanced. Thus, Vpu can efficiently antagonize virion tethering in the
absence of CD317 degradation.

CD317 (BST-2/Tetherin/HM1.24) is an alpha interferon-in-
ducible antiviral restriction factor that impairs the release of
many enveloped viruses, including human immunodeficiency
virus type 1 (HIV-1), HIV-2, and simian immunodeficiency
virus (SIV), other retroviruses (9, 17), Lassa virus-like particles
(VLPs) (21), and Marburg and Ebola VLPs (9, 10, 21). In the
context of HIV-1, CD317 induces the retention (tethering) of
mature particles at the producer cell surface and their subse-
quent internalization, thus preventing efficient release (17, 22).
The HIV-1 accessory protein Vpu overcomes this restriction
(17, 22), yet the underlying mechanism is not well understood;
however, it may involve effects of Vpu on CD317, such as
targeting to proteasomal and/or endolysosomal degradation or
reducing its cell surface exposure (1, 4, 6, 7, 11, 15).

Reasoning that these processes may depend on intracellular
sorting of CD317, we scanned the CD317 cytoplasmic tail (CT)
for putative sorting and ubiquitination motifs (Fig. 1A). Three
candidate motifs were identified: two lysines (K18 and K21)
that might serve as ubiquitin acceptors (12), two leucines (L22
and L23) at the predicted junction of the CT and the trans-
membrane (TM) domain that might constitute a dileucine-
based sorting signal, and a noncanonical tyrosine-based inter-
nalization motif (Y6 and Y8) that was recently reported to
mediate endocytosis of CD317 from the cell surface (13, 19).
We generated a set of CD317 mutants, with or without an
N-terminal hemagglutinin (HA) tag, that bear changes of these
motifs to alanine (Fig. 1A) and investigated them first regard-
ing their ability to inhibit virus release. 293T cells were co-

transfected with 1.2 �g of pHIV-1�vpu proviral plasmid DNA
and 0.1 �g of the indicated expression plasmid for CD317.
Forty-eight hours posttransfection, cell culture supernatants
were subjected to titration of infectious HIV-1 on TZM-bl
reporter cells (4). Wild-type (WT) CD317 expression resulted
in an approximately 100-fold reduction in the release of infec-
tious HIV-1 �vpu (Fig. 1B and D). Importantly, the CD317
mutants exerted comparable degrees of HIV-1 release inhibi-
tion. Concordant Western blot analyses of lysates of the virus-
producing cells confirmed comparable cell-associated levels of
p24CA in these samples and similar expression levels of all
tagged and untagged CD317 variants tested (Fig. 1C and E).
All CD317 variants displayed a characteristic band pattern
between 20 to 35 kDa, reflecting differential glycosylation (4,
17). Similar to chimeras of the human and rodent CD317
proteins (4), the protein pattern seen for the CD317 mutant
with K18A and K21A mutations [K(18,21)A] suggested that
the relative intensity of these bands is not predictive of
CD317’s antiviral potency or Vpu sensitivity. Irrespective of
the presence of the epitope tag, detection of CD317 by an
anti-CD317 antibody (16) revealed additional low- and high-
molecular-weight CD317 species that presumably reflect un-
glycosylated and multimeric forms of the restriction factor,
respectively (Fig. 1C and E, upper panels) (2, 18). These spe-
cies were poorly detected by an antibody targeting the N-
terminal HA tag (Fig. 1C, anti-HA). Immunofluorescence
analysis for the subcellular localization of HA-CD317 by using
an anti-HA antibody showed a marked intracellular distribu-
tion for all variants that was comparable to that described
before for HA-WT CD317 (Fig. 1F, anti-HA) (4). In stark
contrast, all untagged CD317 variants were predominantly
found at the cell surface when detected with the anti-CD317
antibody (Fig. 1G). Of particular note, this seeming difference
in localization simply reflected altered accessibility of the
epitopes used for antibody recognition at the plasma and in-
tracellular membranes: staining of all HA-CD317 variants with
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the anti-CD317 antibody revealed the same cell surface local-
ization as that of the corresponding untagged proteins (Fig. 1F,
anti-CD317; see bottom panel for simultaneous detection of
cell surface and intracellular pools of HA-WT CD317). Thus,
neither epitope tagging nor the CT mutations affected the
steady-state subcellular distribution of CD317.

We next addressed the abilities of the CD317 mutants to
induce cell surface virion tethering by immunofluorescence
analysis of 293T cells that were treated as described for the ex-
periment whose results are shown in Fig. 1B to E. In the ab-
sence of CD317, p24CA staining was diffuse throughout the
cytoplasm (Fig. 1H). Expectedly (4, 17), HA-WT CD317 ex-
pression led to a pronounced redistribution of p24CA, result-
ing in the frequent formation of aggregates at the plasma
membrane and intracellularly (quantification is shown in Fig.

1I). Notably, virion tetherings of similar appearances and po-
tencies were observed in the presence of all CD317 mutants
analyzed, and the magnitude of virion tethering was only
slightly affected by the presence of the HA tag. Together, these
results reveal that putative sorting motifs in the CD317 CT do
not govern the restriction factor’s ability to interfere with
HIV-1 particle release.

Next, we examined whether mutations in the CD317 CT
might alter sensitivity of the restriction factor to Vpu antago-
nism. Proviral plasmids encoding either WT HIV-1 or the
isogenic HIV-1 �vpu were cotransfected into 293T cells with
increasing amounts of CD317-encoding constructs (Fig. 2).
Quantification of the amounts of infectious HIV-1 released
48 h posttransfection revealed the established pattern of Vpu-
mediated antagonism of HA-CD317: high levels of the restric-

FIG. 1. Characterization of basic properties of CD317 CT mutants. (A) Amino acid alignment of CD317 and CD317 CT mutants. (B and D)
Released infectivity of 293T cells transfected with pHIV-1�vpu and expression constructs for HA-tagged (B) or untagged (D) CD317. RLU,
relative light units. Arithmetic means � standard deviations (SD) of one experiment performed in triplicate are given. (C and E) Western blot
analyses of corresponding 293T cell lysates. CD317 was detected using a polyclonal anti-CD317 antibody recognizing the extracellular domain of
CD317 (16). MAPK, mitogen-activated protein kinase. (F) 293T cells grown on coverslips were transfected with expression plasmids for the
indicated HA-CD317 variants. Presented are confocal micrographs for the localization of HA-CD317 proteins by using an anti-HA antibody (upper
panels) or the polyclonal anti-CD317 antibody (middle panels). The bottom panel depicts a merge picture of a double staining of a 293T cell
expressing HA-WT CD317 with anti-HA and anti-CD317 antibodies. Scale bar, 10 �m. (G) Micrographs of 293T cells expressing the indicated
CD317 variants following staining with anti-CD317 antibody. (H) 293T cells transfected with pHIV-1�vpu and the indicated HA-CD317 proteins
were stained for HIV-1 p24CA (red) and HA-CD317 (green). (I) Quantification of p24CA/HA-CD317 double-positive cells showing virus
tethering (Gag accumulation at the surface and/or Gag internalization), essentially as previously reported (4).
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tion factor potently inhibited both WT HIV-1 and HIV-1 �vpu
particle release, whereas medium to low levels of CD317 were
susceptible to Vpu counteraction, allowing efficient release of
infectious virus progeny. Epitope tagging did not exert signif-
icant effects on the antiviral activity of WT CD317 (Fig. 2,
upper panels). Importantly, this concentration- and Vpu-de-
pendent HIV-1 release pattern was preserved for all HA-
CD317 mutants. Of note, the three mutants appeared to be
slightly less potent at the lowest expression levels. These results
suggest that none of the putative sorting motifs in the CD317
CT is essential for Vpu sensitivity.

To examine whether this Vpu-mediated rescue correlated
with the depletion of CD317, we cotransfected 293T cells with
HIV-1 proviral DNA and moderate amounts of WT or
K(18,21)A CD317 (100 ng), an experimental condition that
recapitulates the Vpu-sensitive block of particle release (Fig.
3A). Western blot analyses of lysates from these virus-produc-
ing cells demonstrated an epitope tag-independent and signif-
icant reduction of WT CD317 protein amounts in the presence
of Vpu, as reported previously (Fig. 3C and D) (4). Conversely,
steady-state levels of K(18,21)A CD317 were completely re-
fractory to Vpu-induced depletion, despite efficient Vpu-me-
diated release enhancement. Pulse-chase metabolic labeling
experiments confirmed that provirally expressed Vpu reduces
the stability of HA-WT CD317 (Fig. 3E and F) (4). In contrast,
HA-K(18,21)A CD317 was slightly less stable than WT CD317
in the absence of Vpu, but its half-life was not affected by the
presence of Vpu. This lack of correlation between Vpu-in-
duced CD317 depletion and rescue of virion release was con-
firmed in a series of steady-state analyses (analogous to those
shown in Fig. 3A to D) including all four HA-CD317 con-
structs (Fig. 3G contains a summary of CD317 expression
levels as a function of the Vpu-mediated release enhance-

ment). While steady-state levels of HA-WT CD317 were re-
duced, HA-K(18,21)A CD317 expression was unchanged or
even slightly elevated in the presence of Vpu in all experiments
performed. For unknown reasons, expression levels of HA-
L(22,23)A CD317 and HA-Y(6,8)A CD317 proteins in re-
sponse to Vpu displayed a considerable interexperimental
variability. Importantly, irrespective of these fluctuations in
steady-state expression, Vpu consistently and efficiently antag-
onized the virion release restriction imposed by all CD317
variants. In sum, lysine residues in the CD317 CT are deter-
minants for Vpu-mediated depletion of CD317. This deple-
tion, however, is dispensable for potent antagonism of the
CD317-mediated restriction of HIV-1 particle release.

We then assessed the ability of Vpu to reduce cell surface
exposure of WT and mutant CD317 proteins. 293T cells, all
stably expressing HA-CD317 variants at comparable levels
(data not shown), were infected with vesicular stomatitis virus
(VSV) G-protein-pseudotyped WT or HIV-1 �vpu virions.
Seventy-two hours postinfection, cells were consecutively
stained for cell surface CD317 and intracellular p24CA. Par-
allel analysis of the infectious virus titers produced from in-
fected 293T lines confirmed for all HA-CD317 variants
marked inhibition of particle release and antagonism thereof
in the absence and presence of Vpu, respectively (Fig. 4B).
Expectedly (1, 4, 6, 15), Vpu induced an approximately 2-fold
reduction in cell surface levels of HA-WT CD317 (Fig. 4A).
Importantly, mutating the putative sorting and ubiquitination
motifs in the CT had no effect on the sensitivity of HA-CD317
to Vpu-mediated downregulation from the cell surface. Thus,
reduction of CD317 cell surface exposure correlates with the
antagonistic activity of Vpu and is not coupled to depletion of
intracellular CD317 pools.

Several recent studies identified molecular determinants in

FIG. 2. Dose titration analysis for WT and mutant CD317 in cells coexpressing WT or Vpu-defective HIV-1. Titration of plasmids encoding
HA-CD317, CD317, or CT mutants of HA-CD317 in 293T cells cotransfected with either pHIV-1 wt or pHIV-1�vpu. Culture supernatants were
analyzed for the yield of infectious HIV-1 two days posttransfection. Shown are the levels of infectious secreted virus relative to WT HIV-1 in the
absence of CD317 (empty vector, set to 100%). Values depicted are the arithmetic means of triplicates � SD from one experiment representative
of two experiments.
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FIG. 3. Effects of provirally encoded Vpu on the WT and mutant HA-CD317-imposed restrictions of HIV-1 release and on HA-CD317 protein
levels. Histogram bars show the levels of infectious virus secreted from 293T cells expressing either WT HIV-1 or HIV-1 �vpu and vector, CD317,
or CD317 K(18,21)A (A) or vector, HA-CD317, or HA-CD317 K(18,21)A (B). Shown are arithmetic means � SD of triplicates from one
experiment representative of 5 to 7 experiments. (C and D) Western blot analyses of corresponding 293T cell lysates. (E) Pulse-chase radiolabeling.
293T cells transiently expressing HA-CD317 or mutants together with HIV-1 �env or HIV-1 �env �vpu were pulse-labeled with [35S]methionine
and then incubated with chase media for the indicated times (hours [hr]). After immunoprecipitation with anti-HA antibody, proteins were
separated by SDS-PAGE and the gels were subjected to autoradiography as previously described (4). (F) The relative intensities of the HA-CD317
bands were quantified, and values at 0 h were set to 100% and graphed. Given are the results of one of two independent experiments. (G) 293T
cells were transfected with pHIV-1 wt or pHIV-1�vpu and the indicated HA-CD317 expression constructs. Relative levels of HA-CD317 and
MAPK protein in cell lysates were quantified by use of the Odyssey infrared imaging system and Odyssey software. The ratio of HA-CD317 to
MAPK for HIV-1 �vpu-coexpressing cells was set to 100% (x axis). The y axis depicts the factor of titer enhancement of WT HIV-1 relative to
the value for HIV-1 �vpu, the latter of which was set to 1 in each experiment. Each circle represents the result of one of 5 to 7 independent
experiments.
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the CD317 TM domain that govern its sensitivity to Vpu (6, 14,
20). However, mutation of these determinants disrupted both
rescue of HIV-1 particle release and depletion of cellular
CD317. The generation of a CD317 mutant that is counter-
acted by Vpu in the absence of CD317 depletion thus provides
the first genetic evidence that these two Vpu activities are
separable. This finding is corroborated by the lack of (i) cor-
relation between CD317 depletion and Vpu-mediated release
restriction antagonism in the analysis of our set of CD317
mutants and (ii) CD317 depletion upon HIV-1 infection of
certain T-lymphocyte lines, in which Vpu modestly facilitates
HIV-1 particle release (16). Thus, similar to the activities of
other viral CD317 antagonists (2, 8, 10, 23), Vpu’s anti-CD317
antagonizing activity does not strictly depend on degradation
of the restriction factor. Nevertheless, in the context of HIV-1
infection, Vpu efficiently depletes cellular CD317 pools in most
T-lymphocyte lines as well as in primary macrophages (4, 16,
20), and blocking of Vpu-mediated CD317 degradation by the
addition of proteasome inhibitors interferes with Vpu’s antag-
onism to CD317 (4, 6, 11). Although indirect effects of the
proteasome inhibitors used in these experiments cannot be
excluded, these results suggest that the reduction of total
cell-associated CD317 levels by Vpu can contribute to its
function as a CD317 antagonist. Similar to the antagonism of
APOBEC3G by HIV-1 Vif (5), Vpu may thus counteract
CD317 by at least two independent mechanisms, only one of
which involves depletion of the restriction factor. The data
presented here are in line with a scenario in which the reduc-
tion of CD317 cell surface exposure by Vpu is instrumental for
this degradation-independent functional antagonism. While
the precise mechanism by which Vpu subverts endocytosis,
recycling or other intracellular sorting steps of CD317, remains
to be determined, this likely involves the sequestration of
CD317 to the trans-Golgi network (3). Which mechanism is
predominantly used by Vpu for CD317 antagonism is conceiv-
ably dictated by parameters such as CD317 and Vpu expres-
sion levels and/or the availability of specific degradation path-
ways in a given HIV target cell.
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